Abstract: Since its discovery in 1984, the beta amyloid peptide has treaded the boards of neurosciences as the star molecule in Alzheimer's disease pathogenesis. In the last decade, however, this vision has been challenged by evidence-based medicine showing the almost complete failure of clinical trials that experimented anti-amyloid therapies with great hopes. Moreover, data have accumulated which clearly indicate that this small peptide plays a key role in the physiological processes of memory formation. In the present review, we will discuss the different aspects of the amyloid cascade hypothesis, highlighting its pros and cons, and we will analyse the results of the therapeutic approaches attempted to date that should change the direction of Alzheimer's disease research in the future.
THE AMYLOID CASCADE HYPOTHESIS: PROS
"Our hypothesis is that deposition of amyloid β protein (AβP), the main component of the plaques, is the causative agent of Alzheimer's pathology and that the neurofibrillary tangles, cell loss, vascular damage, and dementia follow as a direct result of this deposition". These words represented the dawn of the amyloid cascade hypothesis that dates back in 1992 when Hardy and Higgins [1] for the first time posed the accumulation of Aβ peptides in the brain parenchyma as the central event in the pathogenesis of Alzheimer's disease (AD) (Fig. 1) .
Certainly, the most compelling pieces of evidence supporting this view are: a) the occurrence of the pathology in individuals carrying autosomal-dominant mutations in the genes encoding the amyloid precursor protein (APP) or the γ-secretase complex proteins presenilin 1/2 (PSEN1/2), and b) the considerable portion of patients with Down syndrome showing clinical manifestation of AD early in life, an event that has been attributed to triplication and overexpression of the gene coding for APP, which is located on chromosome 21.
In the brain, the main form of APP is a 695 amino acid membrane protein that, in the so-called amyloidogenic they have never been proven in AD patients [5] [6] [7] . Ultimately, Aβ causes cell death and it has been proposed that its neurotoxic properties depend on its assembly state, with AD diffusible ligands (ADDLs) receiving more and more interest [8] . These Aβ ligands have been shown to interact with a variety of targets, from α7-nicotinic receptors to cellular prion protein [9] , thus triggering multiple interacting mechanisms (Ca 2+ homeostasis dysregulation, mitochondrial damage, oxidative stress, alteration of axonal transport, glial activation, etc.) responsible for the synaptoand neurotoxic effects [5, [10] [11] [12] .
The amyloid cascade hypothesis has received additional support by the generation of a variety of APP or APP/PS1 transgenic mouse models that have been shown to recapitulate some of the main anatomopathological and behavioural features of FAD, such as formation of amyloid plaques, synaptic loss, synaptic plasticity alterations and memory impairment [13] . Moreover, different pharmacological, genetic and immunological approaches aimed at reducing the cerebral Aβ load in AD mice, resulted in the decrease of synaptic loss and in the rescue of memory deficits [14, 15] . These results further convinced the scientific community on the validity of the amyloid hypothesis, giving the green light to a series of clinical trials (see below).
THE AMYLOID CASCADE HYPOTHESIS: CONS
A huge amount of evidence, however, opposes the amyloid cascade hypothesis as the central event in AD pathogenesis.
As a matter of fact, the vast majority of AD cases are sporadic (SAD) and, although they also show Aβ plaques and tau neurofibrillary tangles, it is not so straightforward to conclude that FAD and SAD share the same pathogenic trigger.
It has been consistently shown that Aβ accumulation and deposition do not correlate with neuronal loss and cognitive decline, and that many individuals have significant amyloid plaque burden, assessed with PET scan, without showing symptoms of memory impairment [16] [17] [18] [19] [20] [21] . Furthermore, in one PET study with 189 cognitively normal patients (age range 43-89 years), a positive correlation between CSF tau and pospho-tau (ptau 181 ) with the amount of cortical amyloid was found. However, no correlations between brain/CSF Aβ 42 or tau/ptau with psychometric test performance were observed [22] .
Even for Aβ oligomers, there are a couple of points that need to be clarified. First of all, extraction and purification of soluble oligomers present in AD patients or mice are not an easy task and it is not clear whether the different isolated oligomeric species are really endogenously produced or are artifactually created during the analytical procedures. A second point is that, while Aβ oligomers are known to kill neurons in vitro [23] [24] [25] [26] [27] , neuronal cell death is virtually absent in APP or APP/PS1 transgenic mice modelling human AD, an observation that can only lead to the conclusion that high levels of endogenous Aβ peptides, no matter what assembly state, do not trigger neurodegeneration in vivo.
This inference has changed, at least in part, the amyloidocentric scenario of AD, with tau protein coming into action to justify such a conundrum. Thus, it was shown that tau deficient neurons are resistant to Aβ neurotoxicity in vitro, and that reduction of endogenous tau in AD mouse models protects from Aβ-induced synaptotoxicity and memory deficits [28] [29] [30] [31] . On the other hand, crossing mice carrying human tau mutations with AD mice have been shown to induce accelerated tangle formation and neuronal cell death [32] [33] [34] . In addition, several lines of evidence indicate that the amyloid peptide drives tau hyperphosphorylation and that the two proteins can act in a synergistic fashion to cause cell death [35] . On the basis of these results, it has been postulated that, in the AD pathocascade, Aβ is "the trigger and tau is the bullet" [36] .
Yet, it does not add up because both temporal and regional distribution of neurofibrillary tangles and Aβ plaques do not correlate in AD patients. Actually, tangles seem to precede plaques formation [37] [38] [39] and their distribution correlates much better than plaques with the clinical picture. Furthermore, APP and APP/PS1 mice, which indeed produce elevated levels of Aβ, do not show evidence of tangle formation, although it has been argued that mouse and human brains express different tau isoform profile [40] .
Indeed, the most critical issue, in our opinion, is that much of our knowledge on Aβ pathophysiology derives from transgenic AD mice, which are increasingly put into question as to whether or not they can represent adequate models of the human pathology. As these mice carry the mutations found in FAD, it is obvious that they are not representative of late onset SAD, which affects more than 95% of AD patients. Although the two forms of AD have similar anatomopathological features, it is well known that they manifest at different ages, and with distinctive cognitive symptoms and disease progression [41] [42] [43] . Even in respect to FAD, the APP and APP/PS1 transgenic models have some critical drawbacks since they overexpress APP (no evidence in AD patients) and, as highlighted above, do not show tangles and a frank neuronal death. In addition, memory deficits in these animals can be almost completely rescued by pharmacological/genetic reduction of Aβ, indicating some sort of reversible cognitive damage, which does not certainly occur in AD patients. Moreover, even if the more recent triple transgenic mouse (APP/PS1/tau) reproduces the anatomopathological features of human AD, its relevance may be doubted, since mutations of tau are not associated with AD but with fronto-temporal dementia. In addition, using a novel approach with adeno-associated viral vectors, it has been reported that in vivo expression of human wild type Tau4R causes dramatic cell death in cortex and in CA1/2 hippocampal pyramidal neurons in the absence of accumulation of Aβ peptides [44, 45] , suggesting that, contrary to the amyloid cascade hypothesis, tau-induced neurodegeneration can occur independently of Aβ.
Therefore, while these models have been certainly useful to spotlight the complexity of APP processing and Aβ formation, their importance in understanding the etiopathogenesis of AD is at best questionable, especially if we take into account their poor translational value. Indeed, we need to develop alternative models that must take into account the various genetic and environmental elements identified in human studies as main risk factors for sporadic AD (e.g. age, gender, APOE genotype) [46] .
THE PHYSIOLOGICAL ROLES OF APP AND Aβ
Since the discovery of Aβ in 1984, research on AD has been almost exclusively focused on the pathological role of this small peptide. Already in 1990, however, Aβ physiological functions came into the limelight for the first time, when Yankner and collaborators [47] showed that this peptide was neurotrophic to immature hippocampal neurons. In line with this finding, it was later reported that inhibition of β/γ-secretases or Aβ immunodepletion in primary neuronal cultures resulted in a significant reduction of cell viability, which was prevented by the addition of physiological concentrations of Aβ 40 [48] .
Apart from neurotrophic effects, Aβ 40 was also reported to enhance hippocampal LTP in the dentate gyrus [49] , a finding whose real physiological implication was overlooked since, at that time, memory was only known to be impaired by this peptide.
Later on, with the application of gene knockout and RNA interference strategies, evidence started to accumulate showing physiological roles of APP and its soluble fragments in neurogenesis, neurite outgrowth, cell adhesion, modulation of ion channels, neuroprotection and vesicle exocytosis [50] [51] [52] . In particular, hippocampal LTP impairment and cognitive deficits have been reported in APP as well as BACE knockout mice, a finding that supports the critical role of APP and APP-derived peptides in the physiological processes of learning and memory [53] [54] [55] [56] , although it has to be bore in mind that BACE is involved in the processing of many substrates other than APP (see below).
With regards to Aβ 42 , it was found that, contrary to high (nanomolar) concentrations, picomolar levels of the peptide enhanced, rather than inhibited, hippocampal LTP in normal mice, an effect that was paralleled by the improvement of hippocampal-dependent memory assessed using the Morris water maze and the fear conditioning tasks [57] . However, the very conclusive demonstration of the physiological role of Aβ in the process of memory formation was provided by behavioural and electrophysiological experiments in which the endogenous peptide was blocked by selective antibodies. As a matter of fact, under these conditions, mice showed significant cognitive impairment [58, 59] and hippocampal LTP was abrogated [59] , both effects being rescued by the addition of exogenous Aβ 42 . These results were confirmed using APP siRNA and supported by the evidence that endogenous levels of the peptide are increased during learning and memory formation [59] .
Interestingly, the physiological effects of Aβ on LTP and memory seem to be mediated by α7 nicotinic receptors (α7-nAChRs), as they are not observed in α7-nAChRs knockout mice [57, 59] . Accordingly, physiological concentrations of Aβ were shown to potentiate presynaptic α7-nAChRs, stimulating the release of glutamate and aspartate, the two major excitatory neurotransmitters involved in hippocampal LTP [60] .
Our laboratory has recently demonstrated that APP expression and Aβ production are under the control of the adenylyl cyclase/cAMP/PKA pathway and that Aβ is necessary for cAMP to maintain LTP and memory consolidation [61] [62] [63] . In particular, we showed that increasing intracellular cAMP by blocking its degradation with the selective PDE4 inhibitor rolipram, activates the translation of APP mRNA with the consequent increase of Aβ production. Most importantly, we demonstrated that the well-known rolipraminduced enhancement of hippocampal LTP is prevented by anti-Aβ antibodies in normal mice and is lost in APP knockout mice [62] .
Finally, several in vitro and in vivo evidence suggest that soluble Aβ oligomers may play a protective role against microbial infections, thus taking part in the innate immune response [64, 65] .
In conclusion, Aβ peptides, whatever their main role, are physiologically produced in the central nervous system, as clearly indicated by their presence in the extracellular milieu of normal mouse brain [66] , as well as in the cerebrospinal fluid of healthy individuals [67, 68] .
THE FAILURE OF ANTI-Aβ THERAPIES
On the basis of the amyloid hypothesis and the promising results obtained in AD mouse models, different therapeutic strategies, aimed at clearing Aβ from the brain, have been the object of several clinical trials. Here, we summarize the results of the three main approaches: Aβ immunization, γ-and β-secretase inhibitors.
Active and Passive Immunization Against Aβ
In 2000, AN-1792, the first vaccine against Aβ 42 was trialled in phase II on AD patients and, although the trial had to be stopped due to severe side effects, the outcomes in antibody responders were not different from placebo-treated controls [69] . These negative effects occurred despite the decrease of amyloid plaques observed in autoptic brains of vaccinated patients [69] [70] [71] [72] [73] . Yet, analysis of the z-score composite in the small antibody-responder population showed some reduced cognitive decline [69] , which seemed to be maintained over time as reported in a follow-up study that, however, enrolled only part of these patients [74] . Nevertheless, progression to severe stages of AD was not halted [73] .
Other two anti-Aβ vaccines have been tested, namely CAD-106 and ACC-001. In a phase I trial, CAD-106 did not cause serious adverse effects and almost 75% of the treated AD patients showed an adequate antibody production [75] . Safety and tolerability of this vaccine in long-term treatments (52 weeks) has been recently confirmed in phase II [76] , yet no data on its clinical efficacy are available. As for ACC-001, the results of two phase IIa trials have been recently published, showing no differences between treatment and control groups in exploratory cognitive evaluations, volumetric brain MRI and CSF biomarkers [77] .
With respect to other approaches, passive immunization has been certainly the more investigated so far. Bapineuzumab has been the first N-terminus (Aβ 1-5 ) directed anti-Aβ antibody (able to bind fibrillar, oligomeric and monomeric forms) to be tested in humans. In a first phase II trial, primary efficacy outcomes with this humanized monoclonal antibody were not significant, thus indicating that there was no cognitive amelioration in treated AD patients; however, exploratory analysis suggested potential efficacy in APOE ε4 noncarriers [78] . Unfortunately, two large, double-blind, randomized, placebo-controlled phase III clinical trials undoubtedly concluded that bapineuzumab is ineffective in ameliorating cognitive deficits, irrespective of APOE genotype, and revealed significant adverse effects [79] . Despite this failure, another humanized monoclonal antibody named solanezumab was developed that, at variance with bapineuzumab, recognizes soluble monomeric, not fibrillar, Aβ. In a first phase II trial, solanezumab was shown to increase Aβ plasma and CSF levels in a dose-dependent manner, a result compatible with the enhanced clearance of plaques in brain, but it had no significant effects on cognition as assessed by ADAS-Cog [80] . Nevertheless, solanezumab entered two double-blind, randomized, placebo controlled phase III trials (EXPEDITION 1 and EXPEDITION 2) with an identical design for a total of 2052 patients. Also in this case, the studies did not meet the primary outcomes (changes in ADAS-Cog 11 and ADCS-ADL) and only EXPEDITION 2 showed some reduction in cognitive decline using a different analysis (ADAS-Cog 14 ) [81] . In a subsequent secondary analysis of efficacy, data from the two trials were pooled and less cognitive and functional decline was observed in treated patients (503 individuals) compared to those receiving placebo (521), with a percentage of slowing ranging from 18 (ADCS-ADL) to 34% (ADAS-Cog 14 , MMSE), whilst no differences were found in other tests [82] . It is worth noting, however, that the difference in the ADAS-Cog analysis was of 2 points on an 80-point scale, which is rather disappointing. On the basis of the reasoning that the sooner the treatment starts, the better the functional outcome and the clinical results can be expected, a third phase III trial (EXPEDITION 3; NCT01900665) investigated for the first time the effects of solanezumab only in patients with a clinical diagnosis of early mild AD. The study's negative results, although not yet published, were announced on 23 November 2016 by the company sponsoring the trial [83] . Solanezumab did not meet the primary endpoint as patients did not show a significant slowing in cognitive decline measured by the ADAS-Cog 14 and also the effects on secondary endpoints were small. At present, two phase III trials are recruiting participants to further investigate the effects of solanezumab: the A4 study in asymptomatic patients who shows biomarker evidence of amyloid deposition (NCT02008357) and the ExpeditionPRO in patients with a clinical diagnosis of MCI or prodromal AD (NCT02760602) that are estimated to complete in 2020 and 2021, respectively.
Gantenerumab is a human antibody directed against the aggregated forms of Aβ, which recognizes both the Nterminus and the mid-domain of Aβ [84, 85] . In a first double-blind, randomized, placebo controlled PET trial, gantenerumab was shown to reduce cerebral amyloid levels in a dose-dependent fashion in mild to moderate AD patients (36% difference from placebo at the highest dose tested) [86] . The study, however, was not powered to detect efficacy on cognitive parameters. At the moment, there are two active phase III trials evaluating gantenerumab in prodromal (NCT01224106) and mild AD patients (NCT02051608), and one phaseII/III trial in which gantenerumab and solanezumab will be tested in individuals at risk for FAD who are cognitively normal or with mild AD or dementia (NCT01760005).
The first results of a phase Ib trial with aducanumab (antibody selective for aggregated Aβ) on prodromal or mild AD patients have been recently reported [87] . A small, though significant, reduction (approx.19%) of PETmonitored brain Aβ levels was observed after one year of monthly i.v. infusions of the highest dose of aducanumab and this decrease was similar in patients with prodromal or mild AD. Also a significant slowing of cognitive decline has been measured by MMSE and CDR-SB but no effects were seen in NTB and FCSRT. In any case, the number of patients was rather low (30 placebo-treated patients and 4 groups of antibody-treated patients with approx. 24 subjects/group) and, unfortunately, there are loads of examples of promising results observed in phase I trials that have not been confirmed in large phase II/III trials.
In this context, it is also worth mentioning the ADAD (Autosomal Dominant Alzheimer's Disease) study by the Alzheimer's Prevention Initiative, that is a phase II clinical trial designed to test crenezumab, another anti-Aβ antibody, in 300 cognitively healthy individuals of an extended family in Colombia, who are destined to develop AD since they carry a rare autosomal dominant mutation (PSEN1 E280A; NCT01998841). This study is estimated to complete by September 2020.
As one of the reasons called into question to explain the therapeutic failure of the anti-Aβ immunization is that treatments have been tested in patients with ongoing irreparable neurodegenerative processes, the results of the above-mentioned AD prevention trials will be of fundamental importance to determine the final fate of the amyloid hypothesis.
β-and γ-secretase Inhibitors
In the attempt to lower cerebral Aβ levels, BACE1 and γ-secretase, the two enzymes sequentially involved in its production, have been investigated as possible therapeutic targets.
BACE1 is a transmembrane aspartyl protease that acts on APP to yield sAPP β and CTF β , and catalyses the rate-limiting step in the synthesis of Aβ. However, it is now clear that this β-secretase has many others substrates. One of the first identified and characterized is Neuregulin 1 whose processing by BACE1 is necessary to regulate axon myelination in the CNS and PNS, but proteomic analysis has identified at least 40 novel BACE1 substrates over the last few years [88] .
By analysing the phenotype of homozygote Bace1 knockout mice, it has now clearly emerged that the absence of BACE1 activity induces multiple anatomical and functional alterations in the CNS including, but not limited to, impairment of synaptic plasticity (e.g., LTP) and cognitive deficits [55, [89] [90] [91] [92] . In addition, BACE1 knockout has been shown to provoke muscle spindle reduction and retinal degeneration [93, 94] . Finally, a recent study has reported that BACE1, which is also present in cardiac myocytes, modulates gating of the voltage-dependent K + channels KCNQ1 and KCNE1 [95] .
Pioglitazone and rosiglitazone, two thiazolidinediones used in the type 2 diabetes therapy for their action on insulin and carbohydrate metabolism, have been recently trialled in AD as they are able to stimulate the clearance of Aβ [96, 97] and suppress BACE1 transcription [98] by activating the nuclear factor PPAR-γ. Initial clinical trials with these drugs produced diverse results, with some of them showing cognitive improvement in AD or MCI patients, but a large randomized experimentation failed to demonstrate a significant benefit, even when considering the APOE-ε4 genotype [99] .
Following a series of phase I studies demonstrating the safety, tolerability and great efficacy in reducing plasma/ CSF Aβ levels (up to 80% decrease), novel β-secretase inhibitors have advanced to phase II/III trial on prodromal as well as mild to moderate AD patients (MK-8931 NCT01739348, NCT01953601; E2609, NCT02322021; LY3314814 NCT02783573, NCT02245737; https://www. clinicaltrials.gov/ ct2/home). However, no results are available at the moment. Other phase II clinical trials on BACE1 inhibitors, such as LY2886721 or RG7129, were terminated because of liver toxicity that seemed to be due to off-target effects [88] .
Semagacestat (LY-450139) is a γ-secretase inhibitor that has been tested in two large randomized, double-blind, placebo-controlled phase III trials on mild to moderate AD patients (NCT00594568, NCT00762411). Both studies were terminated before completation since an interim futility analysis showed that the treatment with Semagacestat was ineffective or even worsened cognitive decline, and there were more adverse events (e.g., skin cancer, infections) in comparison with the placebo arm [100, 101] . These adverse effects have been especially linked to the inhibition of γ-secretase-mediated cleavage of Notch, a protein that plays a fundamental role in development and cell differentiation [2] .
Begacestat (GSI-953) and Avagacestat (BMS-708163) are other two γ-secretase inhibitors that have been claimed to possess Notch-sparing properties [102, 103] although their selectivity has also been questioned [104, 105] . The first has been shown to reduce Aβ in plasma of healthy subjects [106] but no other results have been reported. The results of a randomized, double-blind, placebo-controlled phase II study with Avagacestat have been recently published [107] . This trial was carried out on a small but significant population of patients with prodromal AD (263 individuals), identified on the basis of CSF biomarker criteria and MCI symptoms. Avagacestat did not demonstrate any disease modifying effect at 2 years, when the progression to dementia was similar to that of the placebo-treated population, as it was also the brain atrophy rate assessed by volumetric MRI. On the contrary, a trend toward more progression was observed in the treatment group at one year, although it was not statistically significant. In addition, Avagacestat increased the frequency of adverse events, including non-melanoma skin cancer, thus casting doubts on its Notch sparing properties.
Beside full inhibitors, γ-secretase modulators have also been developed and tested on AD. Although the exact mechanism of action still remains unclear, these modulators are able to decrease the production of Aβ 42 without reducing overall Aβ levels, do not increase APP CTFs and do not alter Notch processing [108] . On the other hand, they enhance Aβ 38 production and it has been hypothesised that this is due to the alteration of processing events subsequent to the initial γ-secretase cleavage [109] .
Tarenflurbil has been the first γ-secretase modulator to be tested in AD patients. In a first phase II study [110] , it showed slowing of decline in mild but not in moderate AD, with significant changes in some scores (ADCS-ADL and CDR-SB) but not in others (ADAS-cog). Again, when this drug was trialled in a large randomized, double-blind, placebo-controlled phase III study, it showed no beneficial effects [111] .
CONCLUSION
After 25 years of experimentations driven by the amyloid cascade hypothesis, we certainly know much more about the processing of APP and the biochemistry of Aβ peptides. Yet, we have still a lot to learn on the physiological functions of these proteins, as well as of the enzymes involved in the amyloidogenic and non-amyloidogenic pathways. In fact, evidence has been accumulating showing that APP and Aβ play key functions in a variety of central processes, including memory formation and consolidation [112] . Moreover, Aβ 40 and Aβ 42 are not the only peptides originating from canonical APP processing, since many other fragments are produced during α-, β-and γ-secretase cleavage (e.g. sAPPα, sAPP β , Aβ 38,46,49 ) and we know very little about their functional roles. In addition, it is now clear that β-and γ-secretases process a vast number of substrates that are involved in a variety of physiological events [2, 88] , thus suggesting that these enzymes may not be the optimal target for therapeutic interventions. Finally, other APP cleavage mechanisms are emerging (e.g. δ-and η-secretases), which lead to many different fragments that have shown biological activity [113] and that need to be further investigated to comprehensively understand their physiological role, if any.
Keeping this in mind, all the negative results of the anti-Aβ strategies trialled so far in AD patients undoubtedly demonstrate that this peptide is not the pathogenetic factor we were seeking, although it might participate to the evolution of the disease. Indeed, in the best-case scenario, lowering cerebral Aβ levels has resulted in some delay of the cognitive decline but it has not arrested the progression to dementia, thus demonstrating an efficacy similar to that of existing therapies (e.g., cholinesterase inhibitors).
Although a possible pathogenetic role of Aβ cannot be completely ruled out at present, the large and solid body of evidence accumulated to date points to the waning of the amyloid cascade hypothesis and indicates that the scientific community should still devote its utmost efforts to identify the real culprit of Alzheimer's disease. 
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